A combination of static and quasielastic light scattering and the theory of scaling solutions to Smoluchowski's equation was used to determine the absolute coagulation rate Eo and kernel homogeneity A, of a coagulating liquid-drop aerosol. Droplet sizes ranged from 0.23 to 0.42 pm, implying Knudsen numbers in the range 0.26 and 0.14. The temporal evolution of the number concentration Mo and the modal radius rM of an assumed zeroth-order log-normal distribution showed near-power-law behavior similar to that predicted by the scaling theory. From the temporal scaling behavior of Mo(t) and r~(t), the absolute coagulation rate was calculated. The coagulation rates from each method were in good agreement. The rate also agreed well with theory that corrected the Brownian rate, good for the continuum regime, by the average Cunningham correction factor. In addition, the time dependence of the moments Mo and r~, hence the determination of Eo, was in good agreement with a real-time numerical solution of Smoluchowski's equation for initial conditions analogous to our experimental ones.
I. INTRODUCTION The past decade has witnessed a renaissance of interest in fundamental coagulation phenomena.
Our ability to describe and quantify random aggregates as fractal [1, 2] as well as the further developments, since the pioneering work of Friedlander and Lushnikov [3 -6] , of dynamic scaling concepts used to describe the real-time evolution of particle-size distributions [7] has largely accounted for the revival. This enhanced interest has led to a deeper and more general understanding of the dynamic nature of coagulation processes.
The majority of recent experimental coagulation studies have involved the colloidal phase of matter. These studies [8 -12] have used quasielastic and static lightscattering techniques as experimental probes and primarily concerned themselves with cluster morphologies and relative growth rates. For the most part, the studies were directed towards characterizing scaling properties such as (1}the static, length-scale invariant nature of the aggregate via the fractal dimension Df and (2} the dynamic scaling nature of the aggregate-size distribution. Additional studies [13, 14] have further identified the exponential shape of the large-radius end of some of these scaling distributions.
No effort, however, has been directed toward applying recent scaling concepts to measure absolute quantities such as coagulation-rate constants for particulate systems. Particulate systems can be characterized by a Knudsen number Kn which is defined as the ratio of the mean free path of the solvent molecules I to the particle radius r.
For colloidal systems, one has Kn=0. These relatively dense systems generally harbor complex particle-particle and particle-solvent interactions which are not well understood. The coagulation process in these systems is usually initiated by the addition of a suitable coagulant so to reduce stabilizing interparticle forces. The coagulant, however, further complicates particle-particle interactions within the colloid and the role of the coagulant during the coagulation process is also poorly understood.
Gas-phase systems, or aerosols, represent another type of particulate system of great importance and common occurrence. Less effort, however, has been directed toward understanding coagulation processes inherent in aerosols using the recently advanced scaling concepts. Owing to the difFerent physical situations that aerosols provide, aerosols offer a simpler system in which to study coagulation than do colloids. In particular, particlesolvent interactions are absent. Furthermore, foreign coagulants need not be introduced and, therefore, particle-particle interactions can differ significantly from those found in colloids. Aerosols, moreover, are not constrained to the hydrodynamic regime and can offer 
where A, is the degree of homogeneity, the well-known scaling solutions to Eq. (1) are
The fundamental description of irreversible coagulation dynamics is given by the Srnoluchowski equation [20, 21] Bn (u, t) (u, t~oo ) are well known [6, 7] . For homogeneous kernels defined as n(u, g)=n(u, t~00)=Ag(t) P(u/g), (3) u+v ' 
XK(u, v)n(u, t)n(u, t)du du . (5) In the scaling regime, defined where Eq. (3) holds, the functional form of the temporal behavior of the moments is time invariant. We call such moments scaled moments and we will designate them as Al, ;. Using the homogeneity of the coagulation kernel, Eq. (2) , and the scaling form of the particle distribution, Eq. (3), in Eq. (5) we obtain (6) where
XK (x, y }P(x)P(y)dx dy, (7) and is also independent of time. Analogous 
], (12) where C(r") is the Cunningham correction factor given by [25] C ( r") = 1+l.257Kn+ 0. Ultimately, Eq. (10) will allow us to determine the dynamic exponent z, hence A, , and the characteristic coagulation time t, from our quasielastic light-scattering data.
From t"we will further determine the real-time coagulation rate of our aerosol system (see below).
In the continuum limit, where the mean free path of the ambient gas molecules is short relative to the particle,
i.e. , Kn~O, the dynamics of the coagulation is accurately described with the Brownian kernel which is given by [241 
where m, = f x 'P(x)dx. Now, using Eq. (9) tial coherence on the cathode necessary for a good signal-to-noise ratio. The photopulses from the PMT were amplified and discriminated before being fed into a commercial correlator. The correlator was used to calculate both total scattered intensity and the homodyne intensity autocorrelation function.
Two types of measurements were made during a typical light-scattering experiment. First, the mean droplet size was determined from the diffusion coefficient measured with the intensity autocorrelation function [28] .
This correlation function in the homodyne detection mode is given by [29] (I"(0)I"(t)) =8+ 2 exp( p)t + -1/2p2t ), (19) C(r)ks T D= 6m. gr (21) where C(r) is the previously defined Cunningham correction factor modifying the Stokes-Einstein diffusion coefficient ks T/6m')r [see Eq. (13) The first cumulant contains the desired mean particlesize information through (20) where the scattering wave vector in the quasielastic limit is q =4m. A, 'sin(e/2). [30] and Coumou et al. [31 -33] for the case of vertically polarized incident and scattered radiation at 8=90'.
Each calibration liquid was of spectroscopic grade.
The liquids were loaded into glass cylinders 7 cm in diameter and 12 cm in length and sealed under a nitrogen atmosphere glove box to prevent any contamination from water and foreign particulates. The liquid cells were subsequently centered in the aerosol scattering chamber to obtain normal incidence of the laser beam and the exact 90' scattering angle. The scattered intensities were then measured for each of the calibration liquids. This scattered intensity is given by [34] I"=C&(IO",V"dQ, e)R, ", (22) where R"" is Rayleigh ratio (see Table I ). The constant 4(Io",V"dQ, e) is the calibration constant dependent on the vertically polarized incident intensity Io", the scattering volume V" the collection angle dQ, and the PMT efficiency e. Refraction of the slightly focused incident beam in the liquids changes both the scattering volume and the incident intensity relative to the aerosol chamber, but in such a manner that their product, which is in 4, remains invariant. 4 determined in this manner, therefore, may be used for calibrating the absolute scattered intensity. Equation (22) shows that 4(Io",V"d0,E) is simply the slope of an I"vs R""plot. Thus a useful average for 4 is obtained using the I"measurements of the calibration liquids. An example of a typical calibration run is given by Fig. 1 . The best-fit lines, forced to pass through the origin, had associated uncertainties for 4 of 5% for our five experimental runs. Furthermore, we have tested our calibrations against polystyrene suspensions (0.232 and 0.091 pm) of known particle concentrations. We found excellent agreement between these known concentrations and the calculated particle concentrations using 4 (see Table I ). where IM, (r) is the first cumulant for a particle of radius r as given by Eq. (20) . Also in the integrand, i"(r, 8) represents the scattered-light intensity of a particle of radius r at the given experimental scattering angle of 8=90' For o. ur particle sizes, i"(r,8) must be calculated with the Mie algorithm [35] . Finally, the assumed ZOLD n(rl, o,;r) is given by Eq. (17) . To determine the dynamic behavior of rM(t), we first fit the measured (I,(0)I"(t)) to obtain pP' and then minimize the difference 5= p', ""' -p;" ' by numerically integrating Eq. (23) Fig. 3 confirms that our analysis for r~w ill not be overly sensitive to our choice of o"".
For Kn -+0, Eq. (23) shows that pi is related to the moments of the particle-size distribution. Using Eqs. (10) and (23) since, by Eqs. (20) and (21) , p, '-r-u'~. Equation (24) predicts that a log-log plot of rM vs t will approach linearity as t&)t, . Alternatively, a log plot of r~v s t +t, should be linear for the proper value of t, . The dynamics of rM(t), found from minimizing 5=@&""' -tuel', are given in Figs. 4 Figure 4 shows log-log plots of rM vs t for coagulation runs 4 and 5. Both clearly show an approach to linearity as t becomes large. Alternatively, Fig. 5 shows the corresponding log-log plots of rM vs t+t, . For the data in Fig. 5 , t, was varied until a best fit to linearity was achieved. The linearity was our criterion for determining t, from rM(t) Figure 5. Despite a changing t"our fitting procedure has forced linearity upon the data in Fig. 5 (24) and (26) to find r~(t;o",r) and Mo(t;rr"r) over a representative coagulation time interval of =1100 sec. Fig. 3 . Finally, we use the Mo(r;o "" ) for a given o "" and Eq. (26) to determine Ko(g "")in the same manner as we did for the real data. Our results are plotted in Fig. 10 
